Introduction
The evolution from 2D to 3D in vitro tissue models has been an important development in the understanding of the different mechanisms involved in tumour formation. In an environment which better mimics the extracellular conditions encountered by cells in vivo, it has been possible to access more accurate information about cell homeostasis, differentiation and migration 1, 2 . It is increasingly apparent that the basic 2D cell culture models commonly used fail to provide the cell a microenvironment for adequate adhesion and proliferation resulting in discrepancies between observations made in vitro and in vivo, especially for the testing of potential anticancer drugs 3 .
Over the last decade, new models such as collagen gels and more complex multicomponent systems such as Matrigel have emerged, providing the cells a matrix which more accurately reproduces the extra cellular matrix (ECM) [4] [5] [6] . It has been demonstrated in various studies that the behaviour of cells cultured in such an environment differs considerably compared to those cultured on traditional 2D 11 . Numerous other publications can be found in the literature describing modification of the cell phenotype, metabolism or composition when grown in a 3D matrix, compared to 2-D environments 12, 13 . The use of 3D matrices for cell culture and analysis is still relatively recent, however, and many improvements have to be made before they can be routinely employed for cellular analysis. For instance, the pH used during the polymerisation of collagen gels can influence the fibre diameter which has repercussions on the cellular behaviour 14 , showing a need for the optimisation of the biocompatibility. Furthermore, microscopic techniques routinely used for assessing morphological and physiological changes of cells grown on 2D models could be limited in a 3D microenvironment due to the different optical properties (scattering, distortion of the light) of thicker systems.
Due to their increased depth resolution, confocal microscopy or multiphoton microscopy would be preferred for such models 15 .
Raman microspectroscopy presents several advantages for the study of live cells, combining molecular analysis with optical imaging. In comparison to infrared spectroscopic analysis, the weak contribution from water offers the possibility to study the cells in an aqueous environment and thus to keep them alive for the duration of the measurement 16 . The specific information contained in the Raman spectra provides a signature of the samples studied which can be related to molecular content or changes to the physiology as a result of external stimuli 17, 18 . The spatial resolution is of the order of 1-2  m, providing access to the subcellular organisation of the cells at a molecular level 19, 20 .
Optically transparent substrates such as CaF 2 , Quartz or ZnSe are commonly used for vibrational spectroscopy but none are adapted for cell culture and each can have toxic effects resulting in death or modification of the metabolism of cells. Improved biocompatibility for biospectroscopic applications can be achieved by the deposition of a thin layer of gelatine and a thin enough layer does not contribute significantly to the spectral signature 21 . In terms of cellular viability and spectral quality, however, collagen gels have been recently demonstrated to be a substantially improved substrate for live cells analysis using Raman spectroscopy. The gels provide a 3-D matrix for cell growth, although it should be noted that the cells are cultured on the surface of the matrix. As measured using the Alamar Blue cytotoxicity assay, in comparison to uncoated quartz, a human lung cell line exhibited a 39% increase in viability in collagen gels whereas as dermal cell line seemed to be more affected by the different substrates and a 285% increase in viability was observed. Furthermore, after polymerization, the density of the collagen is too low to give any contribution in the spectra recorded 22 . Also no contribution from the medium used for the cell culture is observable in the spectra recorded which allows the cells to be kept alive for prolonged periods and spectroscopically monitored, effectively in real time.
Previous studies have demonstrated the capacity of Raman spectroscopy to map single cells and their subcellular structures. The identification of the sub-cellular structures such as the nucleus, cytoplasm and mitochondria can be achieved 23 and chemical maps can be constructed giving information about the distribution of differentiating molecules such as proteins 24 . However, these have been performed on chemically fixed cells and it has since been demonstrated that chemical fixation induces significant changes to the biochemistry of the cell 25, 26 . Ultimately, if subtle changes in metabolism due to for example chemotherapeutic agents, toxicants, or radiation are to be discerned, live cells should be studied.
In this study, the potential of Raman spectroscopy as an imaging tool for single live cells grown on collagen gel substrates is evaluated. As Raman spectroscopy has been demonstrated to be a powerful technique for the analysis of tissue and cells 18, [27] [28] [29] , and because of the high spatial resolution, can potentially be employed to monitor and analyse cellular physiology on a molecular level, as well as changes to it due to external stimuli [30] [31] [32] [33] with subcellular resolution, it is critical to demonstrate its performance on cells in a 3-D matrix. This work demonstrates spectral imaging of live cells in collagen matrices using Raman microspectroscopy. Prolonged imaging times are afforded due to the increased viability of the cells in the matrices. Data processing is significantly reduced due to reduced substrate contributions. The technique is demonstrated to provide molecular fingerprints of the subcellular structure. 1% penicillin-streptomycin solution 1000 IU (Gibco, Irvine, U.K.), 2mM L-glutamine (Gibco, Irvine, UK) and 1 μg/mL hydrocortisone (Sigma, dorset,UK) in a humidified atmosphere containing 5% CO 2 at 37 °C.
Materials and methods

A549 and HaCaT Cell lines
Collagen gels
Solutions of collagen I from rat tail tendons (Gibco) were used for preparation of the collagen gels. The 5mg/mL solution was mixed with sterile 10X phosphate buffered saline (PBS), sterile distilled water (dH 2 O) and 1M NaOH. The appropriate relative quantities of these components is determined by the final concentration (3 mg/mL) and volume needed. All the steps were carried out on ice to slow the gelation process.
After mixing, the solution was placed in a Petri-dish for Raman spectroscopy before incubation at 37 °C degrees in a 95% humidity incubator until a solid gel is formed (about 30mins).
Sample preparation
Cell samples: A549 and HaCaT cells were loaded at a concentration of 4  10 4 cells, onto collagen gels (prepared as described above). To facilitate the manipulation of the samples, 30 mm Petri dishes (Stardest, USA) have been preferred for Raman spectroscopic measurements. All samples were incubated for 24H at 37°C, 5% CO 2 before measurements.
Iron Oxide particle samples have been prepared to estimate the best lateral resolution to be used for the mapping of living cells: First, glass slides were coated using a poly L lysine solution (Sigma Aldrich). Then, a drop of Iron oxide suspension was placed on the coated glass slides. After 30 min incubation at 37°C and 100% humidity, the particles were firmly attached. The substrate was rinsed in water and kept in a Petri dish, immersed in distilled water until measurement.
Chemical samples: Four different compounds were prepared for Raman spectroscopy analysis: Raman spectra have been recorded from lyophilised DeoxyriboNucleic Acid from calf thymus deposited on CaF 2 substrates. Ribonucleic acid from baker's yeast (S.
cerevisiae) was first suspended in water and deposited onto CaF 2 substrates for drying before recording. Sphingomyelin from bovine brain and L-α-Phosphatidylcholine from egg yolk were first dispersed in into chloroform and then deposited onto CaF 2 substrates for drying before spectral acquisition.
Observation of live cells
In order to compare the cell morphology, samples were imaged using a confocal microscope (LSM 510 META, Zeiss, Germany) equipped with a x20 objective.
Raman spectroscopic measurements
A Horiba Jobin-Yvon LabRAM HR800 spectrometer with an external 300 mW single mode diode laser operating at 785 nm as source was used throughout this work. For all measurements, a x100 immersion objective (LUMPlanF1, Olympus, N.A. 1.00W) was employed The confocal hole was set at 100m for all measurements, the specified setting for confocal operation. The system was pre-calibrated to the 520.7 cm -1 spectral line of Silicon. The Labram system is a confocal spectrometer that contains two interchangeable gratings (300 and 900 lines/mm respectively). In the following experiments the 300 lines/mm grating was used, which gave a spectral dispersion of around 1.5 cm -1 per pixel. The detector used was a 16-bit dynamic range Peltier cooled CCD detector. Images of the sample were acquired using a video camera within the system. Lateral resolution testing: Iron oxide particles of 1 µm diameter, deposited on glass slides as described above, were selected for measurement. Linescans through the particles were conducted with a step size of 0.2 µm in order to map out the convolution of the focal profile and particle size.
Live cell mapping: After 24 hours incubation, the cells were well spread out over the collagen gels and firmly attached at the surface of the substrates. Spectral imaging was performed on the surface. An area corresponding to the map to be acquired was defined around the cells in the optical image provide by the video camera. The step between two successive measurements was set to 1.5 µm (in accordance with the results of the lateral resolution determination) and the backscattered Raman signal was integrated for 10 seconds over the spectral ranges from 400 to 1800 cm -1 and accumulated twice to improve the signal to noise ratio.
Data Analysis
The different data analysis steps were performed using Matlab (Mathworks, USA).
Before statistical analysis, a Savitsky-Golay filter (5 th order, 7 points) was applied to smooth the spectra and the reference spectrum constituting the background signal was visible whereas in the case of the HaCaT cells, the number of nucleoli appears to be higher and more variable (Fig 1 B and E) . Similar observations can be made concerning the cells grown on collagen gels ( Fig.1 C and F) . Although, the thickness of the collagen gels could influence the contrast of the images, the cell membrane, the nucleus and nucleoli are still clearly identifiable. The overall morphology of the cells on collagen also appears to differ, in both cases, indicating better adhesion to the matrix.
Results and discussion
Observation of live cells
The aim of this study was to evaluate the potential of collagen gel substrates for the imaging of live cells using Raman microspectroscopy. Different compartments can be seen in the cells using optical microscopy but the main challenge was to be able to differentiate and categorise them using the biochemical information contained in the Raman spectra recorded. The time needed to obtain a map from the live cells is the main concern. In order to get a signal to noise ratio sufficient to clearly identify the variations between the spectra recorded from the different locations, an acquisition time of twice 10 seconds was required. Thus, to optimise the total time of measurement for the mapping of a single cell, it was necessary to estimate the optimal lateral resolution of the system beforehand. For this purpose, a protocol proposed by The peak positioned at 610 cm -1 was selected for the estimation of the lateral resolution. The intensity of this peak was monitored for each different position of the linescan. The lateral resolution is determined by the full width at half intensity, which was found to be 1.5 μm with the settings used for the mapping. It should be noted that this is in fact a measurement of the convolution of the particle size and the spotsize, and so is an underestimate of the true spatial resolution achievable.
Mapping of live cells grown on collagen gels
After growing the A549 and HaCaT cells for 24 hours on the collagen gels, the medium was substituted by NaCl before mapping. The feasibility of recording Raman spectra from cells in the presence of the culture medium without interference to the spectra has been reported 22 . However, the main limitations concerning the collagen gels seem to be the luminosity and the contrast when observing the cells by white light in transmission. Although the collagen gels are prepared in Petri dishes with a glass bottom, the light has to travel through the glass, the collagen gel, the cell and culture medium (containing phenol red with a strong absorption at ~560nm) and finally the aqueous solution used to keep the cell immersed, before reaching the camera. Two parameters can be adjusted, the thickness of the collagen and the aqueous solution used. The quantity of collagen used has been reduced as much as possible and 1mL per Petri dish was determined to be the smallest amount of collagen that could possibly be used for the experiments. When using a smaller quantity, different problems were encountered regarding the loss of the stability of the collagen gels which could detached from the Petri dish when changing the medium, or the observation of a contribution from the Petri dish in the spectra due to a too thin collagen matrix. Therefore, to improve the brightness and the contrast it was decided to substitute the culture medium by a 0.9% NaCl solution which is uncoloured and maintains the cells alive for the duration of the measurement. It has been observed that when grown on collagen gels, after 4 to 5 hours in saline solution, the cells don't exhibit any signs of stress due to the lack of medium. Examples of photographs obtained using the Labram HR800 equipped with a x100 immersion objective are presented in figure 3A and 3C. The different structures of the cell can be identified; the cell membrane is clearly defined for both cell lines and the nucleus is located in the centre part of the cells. As observed previously, the cytoplasm appears smaller in the case of the HaCaT cell. Again, the main difference between the two cell lines is the organisation in the nucleus. When observing the A549 cells, the nucleoli are clearly visible inside the nucleus but in the case of the HaCaT cell, no well defined shapes can be observed under these conditions. Another observation is the presence of 2 different organelles in the cytoplasm of the A549 cell, not clearly visible on the image obtained with the confocal microscope (Fig.1B ) but now visible with the x100 immersion objective. This observation is not surprising as the cytoplasm of the cells has a complex organisation and different structures can be found such as the actin or microtubules 38, 39 , endoplasmic reticulum 39, 40 , the mitochondria 41 or the Golgi apparatus 42, 43 .
K-means clustering Analysis
In order to visualise these different structures in the spectral maps recorded, K-means clustering analysis was employed. K-means clustering analysis aims to gather the spectra with the most similarities inside the same clusters, the number of clusters being defined by the operator before the analysis. The data pre-processing was minimised in order not to influence the information contained in the data set. A spectrum corresponding to the background (signal of the collagen gel) was first subtracted from the whole data set. Examples of spectra corresponding to the background and cellular spectrum are given in the figure 2A1 and 2A2. The signal of the collagen doesn't contain any peaks and represents the contribution of the water present in the gel and in the aqueous solution used to keep the cells alive 22 . Before removal of the background signal, the spectra were subjected to a light smoothing (Savitzky-Golay, 13 pts). Thus, spectra of the substrate showed little point to point variation and were not excluded from the analysis. Although, the raw spectra corresponding to the background (the figure 2A1) exhibit a low signal to noise ratio, the subtraction of such spectra from the data set will result in the creation of more noise in the corrected spectra. To avoid any deterioration of the quality of the spectra recorded from the live cells, the signal obtained from the collagen gel was extensively smoothed before subtraction (Savitzky-Golay, 41 pts). Thus, the signal to noise ratio of the data set is unchanged after the pre-processing. After subtraction of the background signal, the baseline of the spectra is already greatly improved (figure2B) and only a slight deviation in the baseline is noticeable between the two extremities of the spectrum. A linear baseline, as illustrated by the dotted line in figure 2B , was subsequently subtracted from all spectra in the data set. Figure 2C represents an example spectrum obtained after the different steps of the pre-processing. After subtraction of background and correction of the baseline, the spectrum exhibits a good signal to noise ration with the presence of well defined peaks all along the spectral range 400-1800 cm -1 . Because the signal from the collagen gel is weak and constant, it has been possible to standardise the background removal from the data set.
Nevertheless, due to variation in the density related to different structures present in the live cells, slight fluctuation in the intensity of the spectra can be seen. A normalisation has been finally applied to correct for this.
K-means clustering analysis is currently commonly used for the analysis of tissue sections by infrared and Raman spectroscopy, especially for the detection of the different structures present in the samples studied and the identification of tumoral regions [44] [45] [46] . K-means clustering can also be employed for the study of individual cells by Raman spectroscopy but only a few studies have elucidated the subcellular organisation and they are usually based on fixed cells grown on a non optimal substrate such a quartz window or equivalent 23, 47, 48 . The effects of cell fixation on the cellular composition has been already investigated 25, 26 and thus it is desirable to be able to obtain the Raman signature from live cells, avoiding any structural and molecular modification which may occur as a result of the chemical processing.
Moreover, the use of collagen gels enables extended measurement periods and thus more detailed mapping of live cells. In contrast to quartz substrates which have a toxic effect necessitating fixation of the cells for prolonged measurement times, collagen gels offer a better adhesion of the cells to the substrate, enhancing the cell viability.
Within the cells, it may be predicted that distinct biochemical regions can be identified, corresponding to, for example, nucleus, nucleoli, cytoplasm and cell membrane. However, in analysing the spectral response of the cells, it is observed that the spectra recorded from the edge of the cells contain a high variability due to the transition from the membrane to the substrate, resulting in quite noisy spectra. When the K-means analysis is performed, the variability between these spectra can interfere with the analysis, resulting in the creation of new clusters. Thus, in order to best visualise the different structures existing inside the cells the numbers, the number of clusters has to be increased to 10 groups, which produced the best reproducibility. In this way, the variability in the spectra obtained at the edge of the cells are contained in different clusters and do not interfere with the identifications of the different structures present within the cells. The initiation step was selected randomly for each iteration and it was seen to have no effect on the final results of analysis. After analysis, the spectra were gathered in the 10 different groups according to their similarities and a colour (arbitrarily) attributed to each cluster. False colour maps were then constructed representing the partition of the different clusters in the cells.
The resulting images are presented in figure 3B and 3D. A correspondence between the organisation of the clusters and the structure present in the cells can be seen. In figure 3B , specific clusters relating to the cytoplasm, nucleus and nucleoli appear. The specificity of the information contained in the spectra recorded allows discrimination of the different cellular compartments using K-means analysis. The sensitivity of the analysis furthermore allows visualization of the two different compartments present in the cytoplasm of the A549 cell and identifies a specific cluster related to the nucleoli in the HaCaT cell, although they are not clearly seen in the visible image. to the nucleic acids and proteins. In analysing the cluster average spectra, it is important to note that, with a ~1.5 m spotsize, while the nucleus can be specifically targeted, the overlying cellular membrane and cytoplasm will also contribute to the spectrum acquired. Similarly, the spectrum of the cytoplasm will contain contributions from the overlying cellular membrane and potentially also from subcellular organelles such as mitocondria, lysosomes, etc.. Across, the spectral range, the variations between the different regions are thus subtle. However, the regions do clearly cluster by K-means analysis, and for example the nucleus and nucleoli are clearly differentiated from the other spectra by for example the peak at 1423 cm -1 , which is completely absent in the cytoplasmic spectra.
In figure 3 , subcellular resolution is clearly achievable. It is noted, however, that the achievable resolution is underestimated by the technique described in 3.1 which measures the convolution of the particle size and the spot size. Furthermore, it has been reported by Uzunbajakava et al. that optimal lateral sampling is achieved using intervals 2-3 times smaller than the laser spot 24 , thus promising higher definition of the subcellular features.
Principal Component Analysis
The mean spectra obtained from each cluster provide information about the spectral ranges which differentiate the sub-structures of the cells. However, it is difficult to determine precisely the differentiating features and to profile the biochemical structure of the cellular compartment analysed. Using K-means clustering analysis, the different structures of the cells have been identified and spectra associated with the nucleus, nucleoli and cytoplasm can now be extracted from the map and analysed independently to highlight the modification in the spectral signatures. For this purpose, principal component analysis (PCA) was employed, for the case of the A549 cells for illustration purposes. Similar results are obtainable for the HaCaT cell line. Figure 5 is a representation of the plots obtained from the spectra extracted from the A549 cell map. Each spectrum has been considered as a single unit for the analysis and the difference compared to K-means analysis is that PCA is a totally unsupervised method. The result is a representation of the discrimination between the different spectra. Figure 5A is a plot of PC 1 versus PC 2 for each spectrum. The spectra from the nucleus and nucleoli form one group and are not discriminated by these principal components. Nevertheless, PC 1, which represents 34% of the explained variance, gives a good discrimination between the spectra from compartment 1 of the cytoplasm from the other spectra (this can also be seen in figure 5C ) whereas PC 2, which represents 23% of the variance, allows the discrimination between compartment 2 of the cytoplasm and the other spectra. The second plot ( fig.5B ) represents the loadings of PC 2 versus PC 3. PC 2 again gives a clear discrimination between the spectra from compartment 2 of the cytoplasm and the other spectra, as seen in figure 5A . PC 3, which represents 3.5% of the explained variance, discriminates between the spectra from the nucleus and those from the nucleoli. The same observation can be made in figure 5C . PCA thus provides a clear discrimination between the different groups of spectra analysed. The results are not surprising as the spectra have been extracted from different clusters obtained after the K-means analysis and no additional information about the chemical composition of the samples is given in the plots.
Nevertheless, the observation of the plots is essential to identify the principal component involved in the discrimination between the different groups, as for each principal component a corresponding loadings is given after analysis.
The loading is a representation of the variability described by a principal component as a function of wavenumber of the spectra. Figure 6A shows the loading of PC1 obtained from the PCA analysis based on the A549 cell map which allows visualisation of which part of the spectrum is responsible for the discrimination between compartment 1 of the cytoplasm and the other spectra, observed in the plot of is prominent in the spectra of DNA and RNA. In figure 4 , it can be seen that while all average spectra exhibit a peak in this region, it is significantly stronger in the spectra of the nucleus and nucleoli, thus giving rise to a strong positive contribution to PC1, which differentiates between nucleus/nucleoli and cytoplasm 1. The strongest variation, however, is the negative peak at 1439 cm -1 , which is prominent in the spectra of the L-α-Phosphatidylcholine 
